picion. Clues suggesting the artifactual nature of a finding may not always be obvious.
Artifacts are commonly caused by alterations in spin-lattice relaxation that result in superimposition of distorted data on the background of normal data [6] . For example, pulsation artifact related to increased compliance of the abdominal aorta may result in ghosting or a pseudomass in the adjacent lumbar vertebra. The artifactual nature of these findings can be proven by the lack of accompanying changes such as trabecular distortion, matrix changes, displacement of normal structures, or expansion of the vertebral body (Fig. 1) .
Another clue for an artifact can be transgression of a finding across normal anatomic boundaries. Abnormal signal crossing the brain, CSF, or bone without disrupting or distorting these structures suggests an artifact. There will be no accompanying mass effect or edema in the vicinity of these artifacts. Metal-and motion-related artifacts are typical examples in this category.
A finding seen only on a single plane of multiplanar imaging can also suggest a possible artifact. A sizeable hyperintensity on T2-weighted imaging that does not persist from sagittal to axial planes is a typical example. Volume averaging may render tiny lesions invisible in certain planes, and therefore care should be taken not to readily dismiss small lesions as artifacts. This problem can be corrected by using volumetric sequences with increased sensitivity for small lesions. Appendix 1 provides a summary of these clues indicating the artifactual nature of an imaging finding.
A
s MRI has become a mainstay imaging modality, we have come to realize the ubiquitous nature of MRI artifacts. MRI artifacts are an essential part of imaging and are sometimes unavoidable. For example, imaging gradients are accompanied by additional weak, spatially varying concomitant gradients that can result in magnetic field inhomogeneity [1] . Attempts have been made to classify MRI artifacts on the basis of their location, source, and appearance [2, 3] . However, even wellknown artifacts can present themselves in a very unpredictable manner [4] . The MRI landscape may therefore pose a significant challenge to differentiate true pathology from artifacts [5] . The purpose of this article is to familiarize the reader with the MR physics behind artifacts and highlight clues that suggest the artifactual nature of a finding. Understanding not only the MRI artifacts but also the physical distortion mechanisms responsible for their appearance may help radiologists devise a scheme to eliminate artifacts and improve diagnostic accuracy in their practice. These practical guidelines are summarized for easy reference in Table 1 .
Hakky et al.

Physical Concepts
Certain subatomic particles in the human body-specifically, protons and electrons-have the quantum mechanical property of spin, which leads to magnetic dipole moments. Under normal circumstances, the random orientations of magnetic dipoles in a space have a cancelling effect on each other, rendering the tissue nonmagnetic.
When tissues are placed in a magnetic field such as an MR scanner, most magnetic spins in the tissues line up with the main magnetization vector of the MR scanner, allowing the tissue to acquire longitudinal magnetization. Spin alignment with respect to the main magnetic vector is not perfectly parallel because of the presence of torque forces. Under these circumstances, the spins begin to wobble (precess), which has special properties such as frequency, phase (angular) orientation, and amplitude. With ongoing precession, spins continue to cancel each other in a plane perpendicular to the main magnetization. This phenomenon is known as a lack of phase coherence or the absence of transverse magnetization.
With application of an additional specific spectral energy such as a selective radiofrequency pulse, magnetized spins assume a higher energy state. By tilting the spins away from their original alignment, a strong 90° pulse not only achieves zeroing of the longitudinal vector (like a compressed slinky) but also brings phase coherence. This latter phenomenon is called acquisition of transverse magnetization.
After removal of a radiofrequency pulse, the spins in the higher energy state go through a relaxation process. Spin relaxation generates an AC in the nearby coil. Detailed analysis of these analog data and conversion to digital information constitute the basis for eventual estimation of MRI signal.
To contribute to MRI signal, spins should remain in a specific voxel for the duration of a radiofrequency pulse and later on as information is being collected for a specified time (time of echo). Thus, MRI signal is collected mainly from static tissues.
Further manipulation may allow accurate recording of MRI signal into the k-space [7, 8] . Examples of manipulation include controlled exploitation of the magnetic field (application of additional gradients), signal averaging, and mathematic deconvolution of the acquired data.
Any alteration in this complex process of MR image production can be the source of artifacts [9] . Optimizing technical parameters may be necessary to devise the best sequence for elimination of a specific artifact [10] . In addition, each technical development for artifact suppression should be evaluated carefully for its effectiveness and impact on image quality [11, 12] .
Common Artifacts Motion Artifact
Because MRI gathers electromagnetic data from stationary tissues, motion becomes the nemesis of image quality; in particular, the motion of bulk organs or body parts will have the greatest effect [13] . Unwanted phase dispersions (gain or loss) of nonstationary spins in the voxel constitute the basis of motion artifacts. Motion artifacts, also known as ghost artifacts, typically radiate across the image in the phase-encoding gradient [14] . Thus, identifying the phase-encoding direction in the image may help confirm the artifactual nature of a finding. The phase-encoding direction typically corresponds to the shorter axis of rectangular FOV to minimize imaging time.
Motion can be caused by the MR scanner (table motion) or may be caused by the patient (e.g., coughing, uncontrolled motor activity, respiratory motion). Artifacts caused by swallowing, pulsation of large vessels, and body movement are easily identifiable. Artifacts from complex motion due to cardiac and pulmonary activities can be partially controlled with cardiac and respiratory gating [15] . If the specific source of motion cannot be identified or removed, a repeat study or imaging with a different modality may be necessary.
Asymmetric motion artifacts such as those involving one side of the neck can be particularly difficult to identify. Slow and nonpulsatile flow such as CSF can also be challenging to identify. Time-of-flight effects on moving spins may either increase or decrease signal within a voxel. Flow-related phase gain of CSF may mimic an extraaxial enhancing lesion on contrast-enhanced images (Fig. 2) . Vibrations during readout in echo-planar imaging [16] may also mimic this kind of artifact.
There are a variety of motion suppression techniques [17] [18] [19] [20] . These techniques can be applied as simple autocorrection to different sequences [21] and to the entire FOV [22] . The real challenge for artifact-eliminating techniques can be preservation of stationary data while compensating for motion-distorted data [23] . The most recent developments in technology now allow selective removal of motioncorrupted data while filling the k-space with uncorrupted data [24] .
Metal Artifact
Magnetic field heterogeneities created by metal in or around the FOV distort the data and cause a large central hypointensity surrounded by a variable amount of hyperintensity. A variety of factors such as the metallic composition and the density, shape, and location of the metal object may alter the final impact on the images. Metal artifacts are commonly seen on images of postoperative patients, making evaluation of the tissues in the vicinity of metal objects challenging. Radiofrequency and gradient alterations near the metal contribute to these artifacts [25] . Image distortion worsens as the imaging plane nears the metallic source. 
MRI Artifacts on Neuroradiologic Studies
in the electromagnetic field. MR fields are isolated to allow the receiver to extract even miniscule electromagnetic signals returning from the tissue. If there is disruption in the field due to, for instance, an incompletely closed scanner room door or another object causing electromagnetic interference, the signal reception will be altered (Fig. 8) .
Other causes of zipper artifact include tubing or other conductive medical devices touching the patient, which may drain the electromagnetic signal or create other currents [25] . Surgical halo-related artifacts can be minimized if the phase direction can be made parallel to the axis of the halo [34] . As MRI field strengths are increased to 3 T and beyond, radiofrequency pulse inhomogeneity can become a source of artifacts. A number of techniques termed "shimming" have been devised to attempt to correct for radiofrequency field inhomogeneity. These techniques include so-called static techniques that rely on homogenizing the radiofrequency pulse distribution and dynamic techniques that rely on homogenizing the flip angle [35] . Proper shimming is especially relevant when using fat-saturation techniques because these techniques are based on frequency-selective pulses, which depend on uniform separation of fat signal and water signal [36] .
Pseudopathology Versus Obscuration of True Pathology by Artifacts
In addition to being a nuisance, artifacts can potentially obscure underlying pathology. Pseudopathology is also a possibility if an artifactual finding resembles the appearance of a true abnormality. For example, the appearance of a pseudotumor related to a hip prosthesis has been described in postoperative pelvic MRI studies [37] . It is therefore imperative in such a case to be able to differentiate artifacts from true pathology. Repeat imaging after removal of the offending object may be necessary. Alternative imaging modalities such as CT may also be beneficial. This strategy may be especially relevant in brain imaging because patient management may drastically change if pseudopathology is misinterpreted as true pathology.
Incomplete fat suppression due to field inhomogeneity can also create areas of artifactual edema or enhancement mimicking pathology [38] . Improvements in fat-suppression techniques have helped to diminish this problem [39] .
Metal artifacts are typically more accentuated along the frequency-encoding gradient (Fig. 3) . Identifying and removing the metallic source may eliminate this artifact, although removal of the source may not always be possible. Various metallic suppression schemes have been developed and may be available on individual MR scanners [26, 27] . Metal artifacts can be reduced on fast spin-echo imaging with the application of multiple refocusing pulses (i.e., increasing the echo-train length). Alternatively, swapping phase-and frequencyencoding gradients may remove this artifact from a critical target.
"Gibbs" (Truncation) Artifact
If the time and frequency domains of the data are undersampled at locations of sharp tissue interfaces, the data may become truncated along the data columns [28] . Low-level frequencies may not be fully included because of time constraints. Although this type of artifact can occur anywhere, it is especially common in the cervical spine. Alternating lines of hyperintensity and hypointensity on sagittal T2-weighted images may create longitudinally oriented hyperintense spinal cord signal that mimics syringohydromyelia (Fig. 4) .
In the case of a Gibbs artifact, the initial clue will be the absence of a corresponding abnormality on axial T2-weighted images. Incorporation of a larger spectrum of phase information between the maximum negative and positive may diminish or eliminate this artifact [29] , perhaps at the cost of introducing blurring of the images. Because this artifact is manifested in the phase direction of the image, swapping phase-and frequency-encoding gradients may be helpful in some cases. If increasing tissue sampling (signal averaging, phase-encoding steps) cannot be done because of time constraints, increasing the voxel volume and decreasing the matrix size may be helpful, albeit at the expense of decreased resolution.
Wrap-Around (Aliasing) Artifact
In cases of undersampling, part of a large object lying outside the FOV may project onto the image. This artifact is referred to as wrap-around artifact. Data from the object outside the FOV are usually superimposed on the opposite edge of the image (Fig. 5) .
Undersampled data can also be incorrectly placed in the center of the image (Fig. 6 ) with parallel imaging paradigms [30] . Undersampling has become the norm as fast imaging techniques have flourished. Increasing the number of steps in phase and frequency encoding, applying signal averaging, and decreasing the partial phase or frequency schemes may be necessary to eliminate this artifact. Single Fourier transformation has been proposed as a way to eliminate both aliasing and ghost artifacts with the second encoding done for time rather than phase encoding [31] . Utilization of surface coils may also decrease this artifact by improving data collection.
Alternatively, increasing the FOV to fully accommodate the object of interest can be beneficial. Artificially reducing the FOV with additional spoiling gradients applied between slice selection and readout pulses has been proposed to minimize aliasing [32] . Aliasing should not be confused with concomitant gradients causing phase accrual [33] .
Artifacts Related to Machinery
Artifacts can be related to the intrinsic mechanics of the MR equipment, such as faulty array processors or coil-induced artifacts. Processor-related artifacts can be identified on the basis of their fixed location in the images. Some may appear in the same location on every image of a particular sequence, whereas others can have identical morphology and location in different sequences in the same patient. A processorrelated artifact is also suspected when the same imaging finding persists over a number of different cases.
Artifacts related to the coil are commonly seen with the use of surface coils because of the variable contours of patients. Variable distances from adjacent superficial tissues to the coil may create heterogeneity in the images. Body parts closer to the coil may appear brighter than parts farther from the coil. This artifact can be problematic in the sequences using fat suppression and contrast administration. Focal brightness on fat-saturated images may mimic pathology such as edema or enhancement. This artifact can be identified by careful evaluation of unenhanced T1-weighted images. Visualization of normal fat signal in the exact location of suspected artifact on unenhanced T1-weighted images suggests a coil artifact (Fig. 7) . Careful windowing of T1-weighted images may also reveal preserved subcutaneous or muscular architecture without any evidence of displacement, distortion, or compression of normal tissues.
Another type of artifact in this group is the "zipper" artifact. Zipper artifact is caused by a radiofrequency leak or interference with-Hakky et al.
Utilizing Artifacts to Characterize Tissue
Despite the trouble MR artifacts may cause, they can be used to characterize tissues. Chemical-shift imaging (CSI) is an example. Stemming from off-resonance spatial shifts, CSI is an artifact related to linear time dependence in the k-space data in the readout direction. Hence, proper frequency encoding may eliminate this artifact by achieving symmetry in the k-space [40] . Asymmetric artifactual thickening of bone [41] or ocular margins can occur because of chemical-shift artifact. Even though it is generally accepted as propagating in the frequency direction, CSI can be seen in either encoding direction [42] . Exploitation of this artifact has been successfully used to evaluate otherwise undetectable tissue fat content. This information can be used to help differentiate benign adenomas from metastatic tumors in the adrenal gland. Creating a virtual frequency-encoding direction that is a linear combination of the phase-encode and readout axes may convert the readout and phase-encode directions identical in their sensitivity to off-resonance effects. They can then be arbitrarily reversed with no change in chemical-shift or inhomogeneity effects [40] .
Conclusion
MRI is one of the most commonly used noninvasive imaging modalities. Despite its proven utility, MRI is a very challenging technique to master because of its artifactprone nature. Artifact recognition and elimination require constant effort and up-to-date knowledge. Even the most experienced radiologist and clinician should therefore remain cognizant of the difficulties in navigating through these difficult terrains. A and B, Sequential axial FLAIR images reveal hyperintense signal (arrowheads) coursing along medial aspect of temporal lobe that can be mistaken as pathology. Abnormal signal is migrating more anteriorly with each successive image toward source of metal artifact. Artifact is following pathway that is not anatomic or conforming to any known vascular or neural pathway. Similar suspicion for artifact can also be raised by lack of distortion in underlying brain parenchyma. C, Lower image, at level of oropharynx, reveals source of artifact, dental hardware. B, Axial CT image shows lytic lesion on occiput (arrowhead), which was later proven to be malignant metastatic lesion. Areas obscured by wrap-around artifact should be carefully inspected in other sequences to exclude underlying lesion. If necessary, another modality, such as CT, can be used. 
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